Upon detection of foreign-body embolization to the central nervous system (CNS) following a specific invasive cardiovascular procedure in 1 autopsied child, we undertook a quality assurance analysis to determine whether other patients had had similar events. Autopsies of all infants and children with history of cardiac catheterization, heart surgery on cardiopulmonary bypass, and/or extracorporeal membrane oxygenation over a 5-year period at a single tertiary care institution were reviewed for light-microscopic evidence of foreign material. Of the 24 patients meeting clinical criteria (13 females, 11 males; ages 6 days to 20 years, median age 7.5 months), 8 (33%) had foreign embolic material to the CNS. The material was associated with a cellular inflammatory reaction in all cases, with a subset associated with infarcts. No embolic foreign material was detected in 14 age-matched patients without history of cardiovascular procedures. Particles acquired from ex vivo manipulation of a catheter type utilized in at least 1 of the affected patients demonstrated similar histologic characteristics. We conclude that, in addition to recognized risks of hypoxic-ischemic brain damage in congenital cardiopulmonary disease, potential brain insult exists in the form of instrumentation-related foreign emboli to the cerebral vasculature. Cardiac catheters are a potential source of foreign embolic material.
INTRODUCTION
At large tertiary care pediatric hospitals, extraordinary measures are often required to treat patients with severe, lifethreatening cardiopulmonary defects. These measures include urgent or sequential cardiac catheterizations, heart surgery on cardiopulmonary bypass, and extracorporeal membrane oxygenation (ECMO), all of which began as experimental, heroic techniques and have since evolved to become accepted, relatively routine procedures. As the number of pediatric cardiac surgeries increases and the mortality rates in patients with congenital heart disease improve (1, 2) , there has been a growing interest in characterizing these patients' postsurgical neurological outcomes, which include impaired performance on measures of cognitive, behavioral, and psychomotor development (3) (4) (5) (6) with consequences that might persist into adulthood.
The etiologies underlying the full spectrum of neurological deficits in congenital heart disease patients after cardiovascular interventions are unclear, though several mechanisms have been implicated, such as intraoperative hypoperfusion, neuroinflammation, cerebral vascular dysregulation, anesthesia-related causes, congenital anomaly, chronic cyanosis, and cerebral emboli (7, 8) . Emboli originate from a variety of sources, including fibrin thrombi, abraded tissue, and air introduced intravascularly (9, 10) . Cotton fibers, starch granules, and hair have also been reported as emboli, specifically in the pulmonary and systemic circulation of children undergoing heart repair and other surgeries (11, 12) . However, 1 underreported source is foreign material from cardiovascular instrumentation and devices (13) (14) (15) . Several major reviews of postangiographic cerebral ischemia and infarction have not mentioned this source at all (16) (17) (18) . Nonetheless, evidence from other studies indicates that in some settings, inadvertent foreign body embolization to the central nervous system (CNS) might be quite frequent (19) .
After detection of intra and perivascular foreign material in the brain of a pediatric patient with congenital cardiopulmonary disease (patient #10, Table 1 ), we systematically surveyed all autopsies performed at Boston Children's Hospital (BCH) from 2004 to 2008. Notably, the index patient had undergone several cardiac surgical interventions, including a catheterization technique in which a catheter sheath was used as a guide or stabilization-type device in conjunction with an atherectomy device to dilate stenotic pulmonary veins. The aim of our investigation, initially begun for the purpose of clinical quality assurance and performance improvement, was to ascertain the prevalence of embolic foreign material to the CNS and its association with clinical factors, which might indicate the material's source.
MATERIALS AND METHODS

Patient Population
We reviewed the autopsy archives of BCH during a 5-year period from January 1, 2004 to December 31, 2008 for patients with a history of complex cardiopulmonary disease who underwent cardiac catheterization and/or heart surgery on cardiopulmonary bypass, with or without ECMO. During the study period, filters were not used in the aortic arch or its cephalad branches to catch potential embolic material. We also reviewed the autopsy archives for age-similar patients with no history of cardiovascular procedures to function as a control group. Imaging studies of the head were evaluated if available.
Histologic Review
Neuropathology autopsy slides were examined for lightmicroscopic evidence of intra or perivascular foreign material on standard 5-mm sections of formalin-fixed, paraffin-embedded tissue stained with hematoxylin and eosin (H&E) and Luxol fast blue (LFB) under standard light. To characterize the optical qualities of identified foreign material, sections were also examined under polarized light (enhancing detection of polarizable material) and with and without the microscope's condenser (enhancing detection of refractile material). During the time period studied, the institutional autopsy protocol called for CNS tissue sampling to include, at minimum, sections of cerebral cortex and white matter, basal nuclei, hippocampus, brainstem, cerebellum, and, when available, spinal cord.
Ex Vivo Catheter Investigation
Under the hypothesis that cardiac catheters were a potential source of these emboli, we examined a specific brand of catheter that, based on an operative procedure note, was used in at least 1 of the cases with foreign material in the brain. This patient was an 8-month-old male with pulmonary vein stenosis, heterotaxy, and complete atrioventricular canal with double outlet right ventricle (patient #14, Table 1 ). We recreated the catheterization procedure on the laboratory bench to confirm the origins of the foreign material seen histologically. This entailed inserting an adult atherectomy device (Silverhawk Plaque Excision System; Medtronic, Minneapolis, MN) through a plastic catheter (Mullins Pediatric Percutaneous Transseptal Catheter Introducer Set; Medtronic, Minneapolis, MN) used as a guide, placing the tip of the apparatus in normal saline, and extending and retracting the rotating atherectomy device through the end of the catheter (ie replicating the method used to dilate severe, end-stage pulmonary vein stenosis, as described in the catheterization procedure note, with consultation by the patient's cardiovascular surgeon). The resultant particulate matter suspended in the saline was then filtered and embedded for histologic sectioning.
RESULTS
Clinical Characteristics
Of the 314 autopsy cases that were performed at BCH or sent as consults to BCH during the study period, 24 patients (13 female, 11 male; ranging in age from 6 days to 20 years; median age 7.5 months) met study criteria. The most common cardiopulmonary diagnoses were double-outlet right ventricle (5 patients, 21%), pulmonary vein stenosis (4 patients, 17%), hypoplastic left heart syndrome (4 patients, 17%), and complete atrioventricular canal (4 patients, 17%). In this series, all 24 patients underwent cardiac catheterization, 15 (54%) underwent ECMO, 17 (71%) underwent heart surgery on cardiopulmonary bypass, and 19 (79%) underwent more than 1 of these procedures. Detailed clinical information is included in Table 1 .
In addition, we examined postmortem material from 14 similar age control patients (9 females, 5 males; age 2 weeks to 19 years; median 5.5 years) of patients with no history of interventional cardiovascular procedures. Six patients underwent noncardiac surgery. Detailed clinical information for these patients is included in Table 2 .
Histologic Findings
CNS tissue sampling in the study group ranged from 4 to 29 blocks per case, with a median of 12 blocks, and tissue sampling in the control group ranged from 6 to 19 blocks per case, with a median of 13 blocks.
Of the 24 patients in the study population, 8 (33.3%) had embolic foreign material in 1 or more blocks. Foreign material was found only in patients who had undergone multiple types of cardiopulmonary interventions (8 of 19 patients, 42%). No embolic foreign material to the brain was identified in the control group.
In all instances, the embolic foreign material was associated with a cellular inflammatory reaction, including foreignbody giant cells. Of the 8 patients with foreign material present on histologic examination, 2 had associated microinfarcts and 1 had an associated cortical macroinfarct. The most common sites of embolization included cerebellum (4 patients), basal ganglia (4 patients), cerebral cortex (4 patients), white matter (3 patients), and leptomeninges (3 patients) ( Table 3) . Foreign material was also detected in the spinal cord, pons, and thalamus. The number of foci of foreign material per positive slide was low, generally ranging between 1 and 3 deposits.
The embolic foreign material varied in size (20-300 mm) and histologic appearance (Fig. 1B-E ). There were 3 histologic subtypes of embolic foreign material: i) amorphous, nonrefractile, nonpolarizable, grey-to-basophilic material with dark granules (identified in 4 patients); ii) refractile and polarizable grey-to-translucent angulated shards (identified in 5 patients); and iii) nonrefractile, nonpolarizable, granular, amphophilic coils (identified in 1 patient). The amorphous 
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grey-to-basophilic material and granular amphophilic coils involved small and large blood vessels (20-300 mm). The greyto-translucent angulated shards predominately involved smaller blood vessels (<100 mm). Only patient #14 had multiple subtypes of foreign material. The particulate matter produced during the reenacted catheterization procedure had a similar appearance to the granular, coiled embolic material seen in the brain tissue of patient #14 (Fig. 1E, F) .
Clinical-Radiologic-Pathologic Correlation
In our medically complex cohort, no clinical or radiologic correlation could readily be made between neurologic status and injury associated with the foreign emboli.
Three patients in the study group had imaging studies of the head. Patient #1 had cranial ultrasounds only, so evaluation for small foreign bodies was not possible. Patient #14 had a head CT that showed diffuse cerebral edema and a small density close to the right transverse sinus suggestive of a fragment of bone, but the presence of a subtle streak artifact arising from the small density raised the possibility of a small foreign body. Although the transverse sinus was not sampled in this patient, there was widespread embolic foreign material in the patient's brain, present in 9 of 12 slides. Patient #18 had a head CT that showed a metallic foreign body in the left parietal lobe and an adjacent infarct in the middle cerebral artery territory (Fig. 1A) . Despite careful sectioning of the brain at autopsy, this metallic foreign body was not grossly identified. However, embolic foreign material was identified in the microscopic section of left parietal lobe.
No clear correlation could be made between histologic subtype of foreign material and history of any specific procedure. However, the highest embolic burden, with foreign material present in a majority of reviewed blocks, was seen in patients #10 and #14, who were the 2 confirmed patients who had undergone the catheterization technique in which a catheter sheath was used to thread an atherectomy device. The specific brand of catheter could only be definitively ascertained for patient #14.
DISCUSSION
Children dying with heart disease and a history of instrumentation have an appreciable risk of embolization of foreign material (11, 12, 19) . In our study, we found that, in pediatric patients referred for autopsy with history of cardiac catheterization and/or heart surgery on cardiopulmonary bypass with or without ECMO treatment, there was a 33% incidence of foreign body embolization to the brain. In contrast, no embolic foreign material was found in the brain tissue of pediatric patients without history of cardiovascular interventions, suggesting that the foreign material was introduced during instrumentation.
While a range of hypoxic-ischemic brain lesions has been described at autopsy in pediatric patients undergoing cardiovascular interventions (20) , foreign material embolization associated with these lesions has not been reported as a specific cause. We found that this material can be vaso-occlusive, resulting in foreign-body inflammatory response and infarction. Of note, sampling of the brain generally was done as a standard "survey" of major neuroanatomic regions and not driven by observation of macroscopically visible abnormalities. This implies that the "random" finding of microemboli vastly underestimates the actual involvement of the entire nervous system. Thus, the question arises as to the contribution of this foreign embolic material and its associated damage to the cognitive deficits observed in the instrumented cardiac patient (3-6).
In our series, 3 subtypes of foreign material were distinguished on routine stains. These subtypes varied in size, shape, color, and optical qualities (polarizability, refraction), implying that they originated from multiple sources. A catheter used to thread an atherectomy device was implicated as a potential source of 1 subtype of foreign material: the nonrefractile, nonpolarizable, granular, amphophilic, coiled foreign material identified in patient #14 was histologically similar to the particulate matter produced during the reenacted catheterization procedure. These findings triggered a report to the United States Food and Drug Administration, as well as cessation of the use of this particular procedure in our institution. Other potential sources of the foreign material in our series are less clear. In other studies, investigators have reported embolic foreign material originating from cotton fibers from sterile drapes or gauze, Gelfoam, aluminium-containing emboli from mixing rods of ECMO heat exchangers, and surgical instrument coatings (21) (22) (23) (24) . Hydrophilic polymer catheter coatings in particular have been implicated as a source of embolic material. These catheters are widely used due to their benefits over noncoated catheters, such as increased lubricity, improved maneuverability, reduced tissue damage, lower thrombogenicity, and decreased risk of vasospasm (25, 26) . Underlying these benefits is the hydrophilic polymer's ability to form hydrogels when exposed to an aqueous environment (27) . However, swollen or saturated hydrogels are prone to mechanical failure (28) . These hydrophilic polymer coatings can then separate from catheters or sheaths and embolize to distant sites (1, 24, 28) .
Both the incidence and the burden of embolic foreign material to the brain during cardiovascular interventions are understudied. Some transcranial Doppler ultrasonography studies suggest that the median number of cerebral microemboli during on-pump cardiopulmonary bypass may be as high as 430-1605 (29, 30) , though it is unclear how many of these emboli are derived from foreign material (vs fibrin, for example). As noted above, our reported incidence of embolic foreign material likely underestimates the true incidence due to limited sampling. In 1 study, investigators examined embolic material gathered by filtration during cardiac catheterization and found foreign material in $10% of all cases (9) .
Several strategies might be effective at reducing the number of emboli to the brain during cardiovascular interventions. Changes in catheter design or manufacture, such as reducing the thickness and coverage of the hydrophilic polymer coating, might reduce the embolic burden (25, 28) . In addition, deploying filters that fit into the aortic arch or its cephalad branches have been shown to capture debris that might have otherwise embolized to the brain (9, 31) . The use of filters in young infants, however, might not be feasible due to technical limitations, as the diameter of the arterial vessels in young infants might be prohibitively small, and any indwelling device might serve as a potential nidus for thrombus formation.
Our study is limited by several factors: (1) because of its retrospective (archival) nature, we do not have specific clinical neurologic function data for our population; (2) similarly, the type of catheter or specific instrument composition could not be ascertained for most cases; (3) there might be some selection bias in patients referred for autopsy, especially those referred for autopsy with brain included; and (4) since many of the subjects were critically ill, brain imaging studies were infrequently available.
To conclude, we found that one third of autopsy patients who have undergone cardiac instrumentation or surgery at our institution have foreign-body emboli to the brain, sometimes associated with infarction. Our findings call attention to an underrecognized source of morbidity in pediatric patients with congenital heart disease.
